or without an IV catheter n=11). (r=-0.66 
. These vessels are richly innervated by sympathetic vasoconstrictor nerves, which maintain a relatively high degree of neurogenic activity.
Thus, cutaneous vascular tone is essentially under the control of sympathetic nerves 3 . There are many physiological factors influencing cutaneous vascular tone, including changes in sympathetic nervous activity (in response to thermal stresses, baroreceptor reflexes, haemorrhage, anxiety, ageing etc.), posture, and various endogenous vasoactive substances. In addition, it can be altered by pharmacological vasoactive agents, anaesthetics, and sympathetic blockade during neuraxial anaesthesia 1, 3 . Thus, during the perioperative period, cutaneous blood flow would dynamically vary in response to a wide variety of both physiological and pharmacological stimuli, and evaluation of peripheral perfusion would be useful for perioperative patient management. Specifically, it would be useful in the early detection of thermoregulatory responses, anaphylactoid reactions 4 or decreased circulating volume 5 , assessing the effects of vasoactive agents including anaesthetics and predicting the degree of redistribution hypothermia 6, 7 . Previous studies have proposed the usefulness of monitoring digital skin-surface temperature or coredigit temperature gradients in estimating peripheral perfusion in several clinical situations; i.e. during circulatory shock (to assess its severity) 8 , postoperative intensive care (to assess changes in intravascular volume) 5 , weaning of cardiopulmonary bypass (to assess the adequacy of rewarming) 6, 9 , and active core cooling (to detect thermoregulatory vasoconstriction) 10 . In addition, skin-surface temperature gradients, defined as forearm (or calf) skin-surface temperature minus fingertip (or toe) skin-surface temperature, have been reported to correlate well with digital skin blood flow measured by either laser Doppler flowmetry 11, 12 or venous-occlusion volume plethysmography in human volunteers during thermal stress or general anaesthesia 13, 14 , and thus also may serve as an index of peripheral circulation.
Since arteriovenous (AV) anastomoses, prominently involved in thermal regulation, are numerous in the digits but virtually absent in the forearm or calf, the skin-surface temperature gradients would be reasonably useful in detecting thermoregulatory vasoactivity 11, 12, 15 . However, during the intraoperative period, vascular tone of cutaneous arterioles, present all over the skin, also would be dynamically altered by a variety of stimuli such as changes in circulating volume or pharmacological agents, leading to changes in skin blood flow and hence skin-surface temperatures (even at the forearm or calf). Thus, the forearm (or calf) skin-surface temperature may not necessarily serve as a reasonable reference in evaluating the fingertip (or toe) temperature as an index of peripheral circulation during the intraoperative period. In addition, fluid administration via the monitored forearm would influence both the forearm and fingertip temperatures in clinical practice. Furthermore, it would not always be possible to evaluate the effects of changes in skin blood flow on skin-surface temperature at steady state during the intraoperative period.
We hypothesized that the skin-surface temperatures and their related thermal measures may not serve as reliable indices of peripheral perfusion in the clinical setting. To test our hypothesis, in this study performed in adult patients undergoing laparotomy with general anaesthesia, we examined the relation of fingertip skin-surface blood flow estimated by the laser Doppler flowmeter to either fingertip skinsurface temperature, core-fingertip temperature gradients, or forearm-fingertip temperature gradients in either the presence or absence of an IV catheter in the monitored forearm.
METHODS
With institutional review board approval and written informed consent, 22 consecutive adult patients (aged 23-72 years) scheduled for abdominal surgery were enrolled in this prospective study, and randomly assigned to two groups using the envelope method; i.e. -IV and +IV groups (n=11 each). In the -IV group, fingertip and forearm skin-surface temperatures were measured at the arm that was free of an IV catheter, while, in the +IV group, at the arm where an IV catheter was placed. In all the patients, the IV catheter was placed at the distal portion of either left or right forearm before induction of anaesthesia. When large blood loss was anticipated, another IV catheter was placed at the arm where the skin-surface temperatures were not measured in either group (non-monitored arm). Patients with peripheral vascular disease, illnesses affecting autonomic function (e.g. diabetes with neuropathy), chronic medications possibly influencing vascular reactivity (e.g. β-blockers), and illnesses associated with synthesis of structurally abnormal red blood cells (RBCs) (e.g. hereditary spherocytosis) were not enrolled in this study. In addition, in all the patients, no significant differences were observed in cutaneous perfusion among their fingers in preoperative examination (i.e. inspection and palpation).
With the standard anaesthetic monitors, all the patients received general anaesthesia. Premedication included oral nitrazepam (4-8 mg) 90 minutes before entering the operating room and intramuscular atropine (0.4-0.5 mg) and hydroxyzine (25-50 mg) 30 minutes before entering the operating room. In every patient, an epidural catheter was placed at the lower thoracic level (T7/8-T11/12) exclusively for postoperative pain management, and 2.5 to 3 ml of 1% mepivacaine was injected epidurally as a test dose to confirm its effectiveness before induction of anaesthesia. Anaesthesia was induced with thiamylal (125-300 mg IV) and fentanyl (50-200 µg IV), and tracheal intubation was facilitated with vecuronium (6-8 mg IV). Anaesthesia was subsequently maintained with a halogenated volatile anaesthetic (either sevoflurane or isoflurane), fentanyl (3-5 µg/kg IV) and nitrous oxide (50-67%) in oxygen. Unwarmed lactated Ringer's solution was infused intravenously at a rate of 15-20 ml/kg/h for the first hour after entering the operating room, and subsequently at a rate of 3-10 ml/kg/h, at the discretion of attending anaesthetists. When the blood loss increased, it was 520 T. AKATA, T. KANNA ET AL replaced using warmed lactated Ringer's solution, hydroxyethyl starch solution, plasma protein fractions and packed red blood cells, as clinically indicated. In the +IV group, the warmed solutions were infused via the IV catheter placed at the "nonmonitored arm". The attending anaesthetists were blinded to the aim of this study.
After the tracheal intubation, a thermistor probe for the measurement of nasopharyngeal temperature was advanced approximately 5 cm into the nasopharynx, and the external naris was sealed with cotton gauze. A thermistor probe for the measurements of fingertip skin-surface temperature was placed on the tip of the index finger opposite to the nailbed and surrounded with a gauze folded in eight (≈5 mm in thickness). A thermistor probe for the measurements of forearm skin-surface temperature was placed on the radial side of the arm midway between the wrist and the elbow, and covered with a gauze folded in eight. The laser-Doppler flow probe was fixed to the palmar surface of the third finger and surrounded with a gauze folded in eight. Both the two skinsurface temperatures and fingertip blood flow were measured at the same arm with or without an IV catheter. Ambient temperature was thermostatically controlled at approximately 25°C, and the room humidification was held constant at approximately 60%. The upper part of every patient was covered with cotton towels folded in two. A water-circulating blanket set at 35 to 37°C was placed under every patient. Each temperature and fingertip blood flow were recorded every five minutes from 10 to 30 min before the incision until 10 to 30 min before extubation. Core-fingertip temperature gradient and forearm-fingertip temperature gradient were calculated by subtracting the fingertip temperature from nasopharyngeal temperature and by subtracting the fingertip temperature from the forearm temperature, respectively.
The fingertip blood flow was estimated with a laser-Doppler flowmeter (ALF 21, ADVANCE Co. Ltd., Tokyo, Japan), which has a 2-mW semiconductor laser and emitted monochromatic light at a wavelength of 780 nm. This monitor functions by transmitting the coherent laser light to the surface of the tissue and evaluating diffusively back-scattered light from the tissue. Thus, the flow probe consists of two optical fibres, a laser-transmitting fibre and a laser-receiving fibre. The receiving fibre, separated by 0.5 mm from the transmitting fibre, collects the backscattered light from the tissue at depths of about 1 mm from the probe, and the light collected by the receiving fibre is transmitted to a photodiode detector. Of the light returning to the photodetector, only the photons that have been scattered by moving RBCs will have undergone a Doppler frequency shift, while those returning from static tissue structures only will not 16 . The detected photo-voltage contains the spectrum of Doppler shifts associated with microcirculatory blood flow 17 . The magnitude of this Doppler shift has been shown to be directly proportional to the velocity and mass of RBCs in the capillary bed and closely correlate with tissue blood flow [18] [19] [20] [21] [22] . Namely, in the laser-Doppler flowmetry, the tissue blood flow (i.e., volumetric flow of RBCs) can be estimated by calculating the mean Doppler shift (which is proportional to the velocity of moving RBCs) times the fraction of Doppler-shifted light (which is proportional to the fraction of the tissue volume that is moving, i.e. RBCs) 17 . However, the calculation is based on the assumption that the mean diffusive path length in tissue of the detected scattered light, the mean local tissue haematocrit (beneath the probe), and the mean scattering properties of RBCs are constant 17 . In addition, the flow can be expressed only in relative terms (i.e. volt [V]), but not in absolute terms (e.g. ml/min) 23 . In a pilot study, in order to estimate the normal range of fingertip blood flow at awake state, we measured fingertip blood flow using the laserDoppler flowmeter in non-anaesthetized healthy adult volunteers (10 males, 14 females) at rest in an air-conditioned room (temperature ≈25°C, humidity ≈50%). Five measurements were made in each volunteer, and their averaged value was pooled for the analyses.
Twenty-two patients were initially enrolled in this study, however, in two patients, the fingertip blood flow, nasopharyngeal temperature and fingertip temperature changed only slightly during the surgery (i.e. <20% of the control values). Therefore, the data on these two patients, one belonging to the -IV group and the other belonging to the +IV group, were excluded from the analyses. In these two patients, the operation was quickly performed (155 min, 185 min), and the intraoperative blood loss was small (55 ml, 250 ml). As a result, the blood flow did not appear to change significantly. They did not have any illnesses or medications possibly influencing cutaneous vascular reactivity. In addition, in three patients, a forced-air warmer was used to prevent severe hypothermia at the discretion of attending anaesthetists. The forced-air warmer directly warms the skin-surface tissue and thereby increases the skin-surface temperatures. Thus, during the use of the forcedair warmer, the skin-surface temperatures presumably can increase without significant increases in the skin blood flow; in other words, the use of the forcedair warmer would significantly influence the relations between skin-surface temperature and blood flow. Therefore, the data on those three patients, two belonging to the -IV group and one belonging to the +IV group, were also excluded from the analyses. Thus, the data on 17 patients were eventually analysed.
All values were expressed as mean±SD; n denotes the number of patients or volunteers. Comparisons of the fingertip blood flow between the female (n=14) and male (n=10) volunteers, demographic data, and intraoperative data between the +IV (n=9) and IV (n=8) groups were made by either two-tailed, unpaired Student's t test (in case of homogenous population variances) or Welch's t-test (in case of heterogeneous population variances). Since fingertip blood flow, transformed to a logarithmic scale, correlated well with forearm-fingertip temperature gradients in previous studies 13, 14 , the relationship between the log of fingertip blood flow and each thermal index was analysed using linear regression methods. These regression analyses were made on the data obtained from each patient (27-88 comparisons +IV group; 16-117 comparisons -IV group) as well as on those obtained from all the patients belonging to either +IV or -IV group (527 comparisons +IV group; 523 comparisons -IV group). Comparisons within each patient or within each group of the regression coefficients on relations between fingertip flow and the three thermal indices related to fingertip temperature were made using the Fisher's Z-transformation. Similarly, comparisons of the regression coefficients between the two groups were made using the Fisher's Z-transformation. All the analyses were made on a computer using GB-Stat v 6.5.6 PPC® (Dynamic Microsystems, Silver Spring, MD, U.S.A.), PowerStats v 0.9® (Shinko Trading Co. Ltd., Tokyo, Japan) or Excel 98® (Microsoft Corporation, Redmond, WA, U.S.A.). A P value of <0.05 was considered to be statistically significant.
RESULTS

Fingertip skin-surface blood flow in nonanaesthetized healthy adult volunteers
In the 14 female volunteers (age=26±2 years, height=160±6 cm, weight=49±6 kg), fingertip blood flow measured by the laser Doppler flowmeter ranged from 1.9 to 5.5 V, and its mean value was 3.7±1.2 V. In the 10 male volunteers (age=32± 7 years, height=171±1 cm, weight=65±8 kg), the fingertip blood flow ranged from 2.0 to 6.2 V, and its mean value was 3.9±1.5 V. No significant differences were observed in the fingertip blood flow between the female and male volunteers. When the data obtained from both the female (n=14) and male (n=10) volunteers were analysed overall, the fingertip blood flow was 3.7±1.3 (n=24) V, ranging from 1.9 to 6.2 V. Figure 1 shows the intraoperative changes in fingertip blood flow and body temperatures observed in two patients belonging to either -IV (72 comparisons) or +IV (88 comparisons) group. In these patients, changes in the anaesthetic level, circulating volume, and rate of the intravenous administration of pharmacological vasoactive agents appeared to cause the changes in fingertip blood flow and hence the changes in fingertip temperature.
Individual analyses
In all the eight patients belonging to the -IV group (16-117 comparisons), the fingertip blood flow significantly correlated with fingertip temperature, nasopharyngeal-fingertip temperature gradient, and forearm-fingertip temperature gradient (Figure 2 ). In two patients belonging to the -IV group, the correlation between fingertip blood flow and forearmfingertip temperature gradient was stronger (P<0.05) than that between fingertip blood flow and either fingertip temperature or nasopharyngeal-fingertip temperature gradient (Figure 2) .
In all the nine patients belonging to the +IV group (27-88 comparisons), the fingertip blood flow significantly correlated with either fingertip temperature or nasopharyngeal-fingertip temperature gradient (Figure 3) . In eight patients belonging to the +IV group, the fingertip blood flow also significantly correlated with forearm-fingertip temperature gradient (Figure 3) . In three patients belonging to the +IV group, the correlation between fingertip blood flow and forearm-fingertip temperature gradient was much weaker (P<0.05) than that between fingertip blood flow and either fingertip temperature or nasopharyngeal-fingertip temperature gradient (Figure 3) . In most cases, the regression coefficients on relations between fingertip blood flow and each thermal measure in the +IV group were much smaller than those in the -IV group (Figure 2 vs Figure 3) .
In most patients belonging to either group, the fingertip blood flow also significantly correlated with either forearm temperature (-IV, n=7; +IV, n=7) or nasopharyngeal-forearm temperature gradient (-IV, n=7; +IV, n=8)(not shown). However, in each patient, the regression coefficients on these relations were much smaller than those on the relations between fingertip blood flow and either fingertip temperature, nasopharyngeal-fingertip temperature
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FIGURE 1: Intraoperative changes in nasopharyngeal, fingertip and forearm temperatures, and those in fingertip blood flow in two patients in whom the fingertip blood flow significantly changed during the surgery. A: In this patient (60 year-old female) belonging to the -IV group who underwent amputation of the rectum for the rectal cancer (72 comparisons), the blood flow appeared to decrease in response to decreased circulating volume due to surgical bleeding and associated use of dopamine (i~iv), while it appeared to increase in response to volume resuscitation (i~iv). B: In this patient (71 year-old male) belonging to the +IV group who underwent resection of abdominal aortic aneurysm (88 comparisons), the blood flow also appeared to decrease in response to decreased circulating volume due to surgical bleeding and associated use of dopamine (ii, iv), while it appeared to increase in response to deepening anaesthesia (i), volume resuscitation (iii), and administration of prostaglandin E1 (v). In addition, the blood flow decreased apparently in response to decreased rate of the administration of prostaglandin E1 (vi). gradient, or forearm-fingertip temperature gradient (not shown).
Overall analyses
No significant differences were noted between the two groups in demographic data (Table 1) . Comparisons between the two groups in the control (i.e. at the start of the measurements), the lowest and the highest values of each temperature, fingertip blood flow, or each temperature gradient were summarized in Table 2 . In the +IV group, unwarmed fluid was administered via an IV catheter placed at the monitored forearm at a mean speed of 11.7±1.8 ml/kg/h.
When the data obtained from all the patients belonging to either group were overall analysed, in both -IV (523 comparisons, eight patients) and +IV (527 comparisons, nine patients) groups, the fingertip blood flow again strongly correlated with either fingertip temperature, nasopharyngeal-fingertip temperature gradient, or forearm-fingertip temperature gradient (Figure 4 ). In the -IV group, the fingertip blood flow best correlated with the forearm-fingertip temperature gradient, while, in the +IV group, the fingertip blood flow best correlated with the nasopharyngeal-fingertip temperature gradient ( Table 3 ). The correlation between fingertip blood flow and either fingertip temperature, nasopharyngeal-fingertip temperature gradient, or forearm-fingertip temperature gradient was stronger (P<0.05) in the -IV group than in the +IV group (Figure 4) . Also in the overall analyses, the fingertip blood flow significantly correlated with either forearm temperature or nasopharyngeal-forearm temperature gradient in both the groups (Figure 4) . However, these relations were much weaker than those between fingertip blood flow and the above three thermal measures related to fingertip temperature ( Figure 4 ).
DISCUSSION
In cutaneous circulation, the blood vessels consist of three basic types (i.e. arteries, capillaries, and veins), essentially comparable to the other vascular beds 2 . However, in some specialized areas (i.e. digits), AV anastomoses are abundantly present at deeper levels, prominently involved in thermoregulation. Thus, digital skin blood flow consists of blood flow through capillaries and that through AV anastomoses 1, 3 . The laser Doppler flowmeter gathers signals from a depth of ≈1-1.5 mm below the skin surface, and thus, when applied to the digit, it would measure predominantly the flow through capillaries (located at a depth of ≈0.2-0.4 mm), mixed with a variable amount of the AV anastomotic flow [22] [23] [24] . The capillary flow would be altered not only by changes in arteriolar tone at deeper levels but also by changes in the AV anastomotic tone 11, 12 . Indeed, the digital skinsurface blood flow measured by laser Doppler flowmetry correlated extremely well with total skin blood flow measured by venous occlusion plethysmography 24 . Thus, the laser Doppler flowmeter applied to the digital skin-surface would be useful in detecting changes in vascular tone at both the arteriolar and the AV anastomotic levels in response to the various perioperative stimuli.
Utilizing the laser Doppler flowmetry, this study for the first time evaluated the reliability of fingertip skin-surface temperature and its related thermal measures as indices of fingertip microcirculation in the clinical setting of the operating theatre. Since our measurements were made in routine clinical practice but not under a controlled experimental condition, the relationship between fingertip skin-surface blood flow and either of those thermal measures was not evaluated at steady state (i.e. by clamping the blood flow). In addition, the mechanisms behind changes in the fingertip blood flow observed in this study were diverse, including both thermoregulatory and nonthermoregulatory mechanisms. Nevertheless, in this study, the fingertip blood flow significantly correlated with the fingertip temperature, nasopharyngealfingertip temperature gradient, and forearm-fingertip temperature gradient in either presence or absence of an IV catheter at the monitored forearm. However, as expected, comparisons of the regression coefficients on each relation between the -IV and +IV groups indicated that fluid administration via the monitored forearm impaired the reliability of each thermal measure as an index of fingertip microcirculation. Since the relation between the fingertip blood flow and forearm-fingertip temperature gradient was most impaired among them, the impairment appeared to be due largely to changes in the forearm temperature caused by the fluid administration, unrelated to endogenous regulation of the fingertip blood flow. The impairment also appeared to be due in part to changes in the fingertip temperature caused by fluid administration via the monitored forearm, because the regression coefficient on the relation between the fingertip blood flow and either fingertip temperature or nasopharyngeal-fingertip temperature gradient was also significantly lower in the +IV group than in the -IV group. In conclusion, in the absence of an IV catheter at the monitored forearm, the forearm-fingertip temperature gradient is the most reliable index of the fingertip blood flow among the thermal measures tested in this study. However, the degree of correlation between the fingertip blood flow and either nasopharyngeal-fingertip temperature gradient or fingertip temperature is also high enough (r>0.82) to be of benefit in the assessment of the peripheral perfusion. Conversely, in the presence of an IV catheter at the monitored forearm, nasopharyngeal-fingertip temperature gradient is the most reliable index of the fingertip blood flow among those thermal measures. However, the degree of correlation between the fingertip blood flow and the forearm-fingertip temperature gradient might be too weak (r<0.7) to be beneficial in assessing the fingertip blood flow. Finally, regardless of the presence of an IV catheter at the monitored forearm, neither forearm temperature nor core-forearm temperature gradient can be considered as a reliable index of the peripheral perfusion.
In the present study, a significant logarithmic relationship was observed between the fingertip blood flow measured by laser Doppler flowmetry and the forearm-fingertip temperature gradient. This is consistent with previous findings on the relation between fingertip blood flow measured with venous-occlusion volume plethysmography and forearm-fingertip temperature gradient 13, 14 . However, the previously obtained regression coefficients (r=0.98-0.99) 13, 14 were larger than that obtained in the present study (r=0.86). The previous studies examined the relation in human volunteers under controlled thermal stress, while we examined the relation during the intraoperative period where a variety of stimuli altering fingertip blood flow existed. Thus, it is not surprising that the degree of the correlation was different between the previous 13, 14 and the present studies. As described in the Methods section, the algorithm of laser Doppler flowmetry is based on the assumption that the mean diffusive path length in tissue of the detected scattered light, the mean microvascular haematocrit (beneath the probe), and the mean scattering properties of RBCs are all constant 17 . The mean diffusive path appeared to be kept almost constant in our measurements because the probe used in this study was designed with the two fibres (i.e. a laser-transmitting fibre and a laser-receiving fibre) separated by a fixed distance (i.e. 0.5 mm). In addition, since RBC are very homogeneously sized particles of uniform refractive index even in individual comparisons, their mean scattering properties should be virtually constant among individuals 17 . However, the mean local tissue haematocrit could vary throughout the measurements in some of the patients because of surgical blood loss and resultant significant decreases in systemic haematocrit, possibly contributing to the variability of the correlations between blood flow and thermal measures observed in this study.
There was a relatively large disparity on age between the -IV and +IV groups (Table 1) , although its degree did not reach statistical significance (P=0.25). The disparity was caused by our inclusion of two young patients (Pt 1=23 years old; Pt 7=32 years old; Figure 3 ) in the +IV group. The correlation between fingertip blood flow and fingertip skin temperature (or its related thermal indices) could be influenced by ageing because of possible age-related changes in thermal conductivity of the fingertip cutaneous tissue. However, significant differences did not appear to exist in the correlations between the young and the other older patients in the individual analyses ( Figure 3) . Thus, we do not believe that such inclusion of younger patients contributed significantly to the observed differences on the correlations between the two groups. Previous studies have demonstrated that forearmfingertip temperature gradients above 4°C indicate a state of greatly impaired peripheral perfusion with a total fingertip blood flow below ≈0.2 ml/min (i.e. five-fold decrease from typically vasodilated state) 13, 14 . Thus, if this relation can be extrapolated to our patients, fingertip skin-surface temperature below 29°C or nasopharyngeal-fingertip temperature gradients above 6.5°C would indicate a state of nearly ceased fingertip blood flow.
In conclusion, in the clinical setting of the operating theatre, using the upper limb without IV catheters, fingertip skin-surface temperature, nasopharyngeal-fingertip temperature gradient, and forearm-fingertip temperature gradient are almost equally reliable measures of peripheral perfusion. This conclusion contradicts our original hypothesis that the skin-surface temperatures and its related thermal measures may not serve as reliable indices of peripheral perfusion in the clinical setting. Since the measurement of skin-surface temperatures is noninvasive, easy-to-use and inexpensive, it would be advisable to monitor skin-surface temperatures at the arm that was free of IV catheters for the intraoperative assessment of peripheral perfusion.
